Fluorescence emission behavior is reported for benz [def]indeno-[1,2,3hi]ehrysene, fluoreno[2,3,4,9defg]chrysene, benz[def]indeno-[1,2,3qr]chrysene, dibenzo|a,e]fluoranthene, indeno[1,2,3cd]pyrene, naphtho[1,2b]fluoranthene, benzo[b]fluoranthene, fluoranthene, benzo-[ghi]fluoranthene, naphtho[2,1a]fluoranthene, naphtho[2,3b]fluoranthene, benzo[klfluoranthene, and benzo[j]fluoranthene dissolved in organic nonelectrolyte solvents of varying polarity.
INTRODUCTION
This paper continues a systematic, experimental investigation of the effect that solvent polarity has on the photophysical properties of large, multi-ring polycyclic aromatic compounds in order to identify probe molecules for future applications. The emission spectrum of a polycyclic aromatic hydrocarbon (PAH) monomer consists of several major vibronic bands labeled I, II, etc., in progressive order. Previous measurements 1-7 revealed that pyrene, benzo[ghi]perylene, ovalene, coronene, benzo-[a]coronene, naphtho [2,3a] Solvent-induced fluorescence spectral changes can be rationalized qualitatively in a relatively straightforward manner. Excitation promotes the PAH solute from a ground state of low dipole moment to one of the vibrational levels of the first electronic excited state, S~, with an accompanying electron distribution in the surrounding solvent molecules. Insufficient time exists, however, for solvational-sphere molecules to physically reorient with the new PAH dipole moment. Relaxation from the vibrationally excited Sb level to the excited S~ level occurs whenever solvent molecules rotationally reorient to a more stable dipole configuration during the excited state's lifetime. Emission of the fluorescence photon returns both the PAH molecule to the ground Sv state and solvational molecules to their initial electronic configuration. Subsequent rotation of solvent molecules to the ground-state dipole orientation restores the system to its original state. Transition probabilities and energy separations between the different energy levels vary with each solute-solvent pair, and give rise to observed intensity ratio changes and emission wavelength shifts, s,9
Solvent-induced fluorescence changes provide valuable information regarding the micro-environment immediately surrounding the PAH solute probe. These effects can be extremely undesirable from a quantitative analysis standpoint. PAH identification and quantification requires accurate fluorescence emission intensity measurements and availability of a large spectral data file for comparing the unknown's spectrum against PAH standards. Kalman filtering and Gaussian or other curvefitting techniques, lo-13 along with the selective photochemical quenching agents such as nitromethane 1~1s and 1,2,4-trimethoxybenzene, is may be needed to uncouple overlapping spectra if more than one fluorescent species is present. To prevent misidentification, the data file should include both polar and nonpolar solvents since electronic interactions between a solvent dipole and an excited PAH solute can lead to spectral distortions, wavelength shifts, and/or intensity ratio variations. Now that studies on PAH6 benzenoids are nearly complete, it is time to expand our measurements to include other subclasses of aromatic compounds such dures described in the literature. 19 Stock solutions were prepared by dissolving the solutes in dichloromethane. Small aliquots of the stock solutions were transferred into test tubes, allowed to evaporate, and diluted with the solvent of interest. Final solute concentrations were sufficiently dilute to minimize inner-filtering artifacts. Solvents were of HPLC, spectroquality, or AR grade, purchased commercially from either Aldrich or Fisher Scientific, and the resulting solutions were optically dilute (absorbances cm -1 _<0.01) at all wavelengths investigated, except for the quenching study, where the nitromethane concentration was continually increased to allow examination of inner-filtering artifacts.
Absorption spectra were recorded on a Bausch and Lomb Spectronic 2000 and a Hewlett-Packard 8450A photodiode array spectrophotometer in the usual manner with a 1-cm 2 quartz cuvette. The fluorescence spectra were run on a Shimadzu RF-5000U spectrofluorometer with the detector set at high sensitivity. Solutions were excited at 300 nm (fluoranthene); 406 nm (benz[def]- Presently there appears to be no compelling reason for us to ever recommend using the two fluoranthene derivatives in place of pyrene, benzo[ghi]perylene, and ovalene in solvent polarity determinations. The remaining compounds studied possessed either one broad, fairly unsymmetrical emission band (likely two or more unresolvable bands) or two poorly resolved emission bands in the 350-600 nm spectral region, except for fluoranthene and indeno[1,2,3cd]pyrene, which also had several very weak emission peaks of nearly constant intensity ratio.
indeno[1,2,3hi]chrysene); 408 nm (benz[def]indeno[1,2,3qr]chrysene); 315 nm (fluoreno[2,3,4,9defg]chrysene); 300 and 340 nm (indeno[1,2,3cd]pyrene); 340 nm (benzo[ghi]fluoranthene); 315 nm (benzo[j]fluoranthene); 346 nm (benzo[b]fluoranthene); 306 nm (benzo[k]fluoranthene); 316 nm (naphtho[2,3b]fluoranthene); 350 nm (naphtho[1,2b]fluoranthene); 390 nm (dibenzo[a,e]fluoranthene); and 400 nm (naphtho[2,1a]fluoranthene) in a quartz
From an analytical perspective, identification and quantification of unknown PAH mixtures require accurate fluorescence emission intensity measurements and availability of a large spectral data file for comparing the unknown's spectrum against PAH standards. Unfortunately, many PAHs emit in approximately the same spectral regions, thus hindering identification in the case of multicomponent mixtures. Kalman filtering and Gauss-Jan or other curve-fitting techniques theoretically allow uncoupling of overlapping spectra. Such methods become less reliable, however, as the number of mixture components increases. High-performance liquid chro- Utilization of selective quenching agents can significantly simplify observed emission spectra. To prevent misidentification, experimentally determined spectra must be free of chemical and instrumental artifacts that might unexpectedly reduce emission intensities. Innerfiltering is a major problem associated with obtaining correct fluorescence data, which assumes that the sample is optically dilute (A cm -1 _<0.01) at all analytical wavelengths. Most commercial instruments employ right-angle fluorometry, which reduces stray radiation by placing the emission detector at 90 ° with respect to the incoming excitation beam (see Fig. 8 ). Only fluorescence emission originating from the center interrogation zone of the sample cell is actually collected. Attenuation of the excitation beam before reaching the region viewed by the fluorescence detection optics (pre-filter region) and through the interrogation volume element is denoted as primary inner-filtering. The correction factor, fprim, for primary inner-filtering is given by the following expression 21-23 F ....
A(y -x) fprim = Fobs = 10_Ax __ 10_Ay
(1)
where F ~°rr and F °b` refer to the corrected and observed fluorescence emission signal, respectively; A is the absorbance per centimeter of pathlength at the excitation wavelength; and x and y denote distances from the boundaries of the interrogation zone to the excitation plane, as shown in Fig. 8 . Equation 1 strictly applies to monochromatic light, which from an experimental standpoint is never achievable, even with the finest spectrofluorometers having small spectral bandpasses. Yappert and InglC ~ derived a more rigorous mathematical treatment for non-monochromatic excitation and emission beams. Primary inner-filtering can often be ignored in PAH solvent polarity experiments requiring determination of intensity ratios as the excitation wavelength remains constant (i.e., A in Eq. 1 remains constant). Emission intensities of both bands are thus affected by the same relative amount. Selective quenching studies are another matter, however, as absorption of the excitation beam by the quenching agent would reduce emission intensities of every fluorophore having the given excitation wavelength. In the case of nitromethane, inner-filtering would reduce emission intensities of both alternant and nonalternant PAHs by the same relative amount. For determination of whether selective quenching really occurred, observed emission intensities, F °bs , must be multiplied by the inner-filtering correction factor, fprim, in order to eliminate the undesired effects from this chemical artifact. Failure to correct the observed intensities may lead to erroneous conclusions concerning PAH identification (alternant vs. nonalternant), particularly if excitation wavelengths of 300 nm or less are employed. Many PAHs have excitation wavelengths in the 300-320 nm spectral region, and a few drops of nitromethane (or nitrobenzene) give solutions of appreciable absorbances.
Secondary inner-filtering results from absorption of large quantities of emitted fluorescence, and the correction factor,/~, For PAH solvent polarity determinations, secondary inner-filtering is a primary concern if the solution preferentially absorbs one of the PAH emission bands, thus leading to different transmittances (T values in Eq. 2) at the various emission wavelengths and erroneously low intensity ratios. Selective quenching experiments are not generally affected by secondary inner-filtering artifacts. PAH emission bands appear in the 370-500 nm spectral region, where nitromethane's absorbance is greatly diminished. Readers are reminded that only a few drops of quenching agent are used in this type of experiment.
The corrected fluorescence emission intensity is given by
assuming that primary and secondary inner-filtering are independent processes. As a general rule of thumb, innerfiltering corrections work well for [prim and/~, values of less than three. Calculation of each correction factor requires a priori knowledge of interrogation zone volume and dimensions. Realizing that most instrument manufacturers rarely supply information regarding sample compartment aperture slit widths, particularly for the less expensive spectrofluorometers and fluorescence de- tectors used in HPLC, we have elected to base/prim and fsec computations upon assumed values of x, y, u, and v. Table II lists numerical values offprim and/~ec as a function of solution absorbance for x = u = 0.45 cm and y = v = 0.55 cm. Figure 9 depicts the fluorescence emission spectra of WAVELENGTH (nm) tering. Multiplication of the observed fluorescence intensity by fpr~m increases the value to Foorr ~ 570, which is approximately equal to the initial emission intensity before addition of nitromethane. Our studies clearly show that nitromethane does not quench the fluorescence emission of benzo[b]fluoranthene. Neglect of primary inner-filtering would lead one to the erroneous conclusion that this particular PAH was an exception to the selective quenching observation previously noted by Bliimer and Zander. 15 Recall that nitromethane is suppose to selectively quench fluorescence emission intensities of alternant PAHs as opposed to nonalternant PAHs. The chemical literature does contain an earlier report that benzo[b]fluoranthene was one of three exceptions, is The authors' experimental procedure was only briefly described, and we failed to see how primary inner-filtering was avoided (as claimed) if the sample was irradiated at the optimum excitation wavelength. Careful examination of Table III further reveals that nitromethane does not in general quench the fluorescence emission of nonalternant PAHs. For 9 of the 13 nonalternant PAHs studied, the corrected fluorescence emission intensity remained essentially constant, at least to within ± 10%. Addition of nitromethane to several of the solutions initially increased F c°rr, perhaps because fprim was calculated on the basis of an incorrectly assumed sample cell configuration or, more likely, because nitromethane helped re-dissolve the small amount of PAH which was still adsorbed onto the test tube or cuvette walls. Benzo[k]fluoranthene, fluoranthene, and naphtho- [2,3b] fluoranthene are the only three exceptions to the nitromethane selective quenching observation that we found, though naphtho [1,2b] fluoranthene might be considered by some researchers as a "borderline case," since its fluorescence intensity did drop by more than 20%, even after the primary inner-filtering corrections were made. Secondary inner-filtering corrections were not necessary in the present study. Nitromethane does not absorb appreciable radiation in these PAH's emission ranges. Quenching of benzo[k]fluoranthene and fluoranthene fluorescence emission by nitromethane confirms the earlier contentions of Dreeskamp e t al. ~s that these two nonalternant PAHs are indeed exceptions. Additional measurements are currently underway to further study the effect of nitrornethane, nitrobenzene, and 1,2,4trimethoxybenzene on the fluorescence emission behavior of both alternant and nonalternant polycyclic aromatic hydrocarbons to determine whether previously reported selective quenching observations 14-1s still hold after all inner-filtering corrections are taken into account. 
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